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Guo.hongbo@buaAbstract NiAl-based bond coats applied in thermal barrier coating (TBC) systems containing Ru
and Pt have been studied in recent years. Interdiffusion between the coatings and the underlying
superalloy substrates usually results in degradation of the mechanical properties of the substrates.
In this paper, a NiAl/Ru coating was deposited onto a single crystal superalloy DD6 by
electroplating and electron beam physical vapor deposition (EB-PVD). Interdiffusion behavior
of the NiAl/Ru and NiAl coated specimens at 1100 1C was comparatively investigated. For the
NiAl coated specimen, after 100 h vacuum annealing, beneath the coating there was a 50 mm
thickness secondary reaction zone (SRZ) with some needle-like topologically closed packed (TCP)
phases. However no SRZ was observed in the NiAl/Ru coated specimen. This may be attributed to
the RuNiAl that acted as a diffusion barrier to prevent the inward diffusion of Al from the coating
and the outward diffusion of refractory elements from the substrate, and hence suppressing the
formation of TCP phases and SRZ in the superalloy.
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A typical thermal barrier coating (TBC) with a multi-layer
structure consisting of a ceramic top coat, a bond coat and a
thermally grown oxide (TGO) layer between them is usually
deposited onto the superalloy substrate either by plasma spray
(PS) or electron beam physical vapor deposition (EB-PVD)
[1,2]. The continuous demand for increased operating tem-
peratures in gas turbine engines becomes the driving force for
development of more reliable TBC systems to lower the service
temperature of its load-bearing Ni-based superalloy substrate
and simultaneously provides oxidation protection from high
temperature combustion environments during operation [3].
b-NiAl has attracted increasing attentions due to its high
melting point, low density and excellent oxidation resistance,
Table 1 Nominal composition of Ni-based single crystal
superalloy DD6 (in at%).
Cr Ni Co W Mo Ta Re Al
5.18 Bal. 9.93 2.82 1.25 2.14 1.13 12.00
Suppressing the formation of SRZ in a Ni-based single crystal superalloy 147and therefore is considered to be a promising candidate for bond
coat materials [4,5]. Despite its great potential, one serious
problem for NiAl coating application is the interdiffusion between
the bond coat and its underlying superalloy substrate. The
consumption of Al occurs in the bond coat due to interdiffusion
when the coated substrate is thermally exposed for extended
periods, which not only leads to the transformation from the as-
deposited b phase to more Ni-rich phases such as g0-Ni3Al [6,7]
but also results in the precipitation of topologically closed packed
(TCP) phases and secondary reaction zone (SRZ) [8–11]. In Re-
containing Ni-based single-crystal superalloys, three types of Re-
rich TCP phases, namely tetragonal s, rhombohedral m and
orthorhombic P, have been reported [12]. The formation of SRZ
beneath the coating is undesirable as it induces the degradation of
the creep-rupture properties of the superalloy substrate [13] as well
as its mechanical properties. This is attributed to a lot of micro-
crack sources present between the SRZ and the g–g0 alloy,
resulting in generation and rapid growth of microcracks and
eventually leading to development of large cracks [14]. On the
other hand, most of TCP phases are very brittle and deleterious to
the mechanical properties of the substrate [14].
The improvement in the creep strength of the bond coat could
suppress the plastic deformation driven by thermal expansion
mismatch that results in rumpling and failure of the TGO layer
[15]. The addition of Ru to bulk NiAl substantially increases its
creep strength. Simultanesouly, Ru is one of the four elements
which increase the liquidus temperature of nickel (g-Ni) [16]. It has
been shown that Ru-containing aluminized bond coats exhibit a
creep resistance, due to the fact that substitution of Ru for Ni in
the B2 structure suppresses the rumpling failure mechanism in the
bond coat system [15]. In addition, RuAl has the same B2
structure but the melting point is 400 1C higher than NiAl and
the thermal expansion coefﬁcient is similar to a-Al2O3 [17,18].
Consequently, ruthenium-modiﬁed aluminized bond coats could
provide improved system temperature capability. It also has a
greater number of slip systems than NiAl and shows high
toughness and compressive ductility [19]. Therefore, Ru-modiﬁed
aluminides have received increasing attention as a relatively low
cost alternative to Pt-modiﬁed aluminides [20].
Recently, the addition of Ru to Ni-based superalloys has
been proved to effectively improve the microstructural stabi-
lity and suppress the formation of the TCP phases [21].
Pollock et al. have studied the oxidation and interdiffusion
behavior of the Ru/Pt-modiﬁed NiAl bond coat. The hybrid
coating has exhibited better creep properties than the Pt-
modiﬁed coating and suppressed the rumpling mechanism
typically responsible for TBC failure [22].
In this work, a NiAl/Ru diffusion barrier coating was
produced on a Ni-based single crystal (SC) superalloy DD6 by
a combination of electro-plating and electron beam physical
vapor deposition (EB-PVD). For comparison, a NiAl coating
was also deposited on the superalloy. Both of the coatings were
annealed at 1100 1C and the microstructure of the interdiffusion
zone between the coatings and superalloy substrate was investi-
gated to explain the reason for the formation of SRZ. Also, the
role of the RuNiAl layer as a diffusion barrier was discussed.2. Experimental procedures
Ni-based single crystal (SC) superalloy DD6 was used as the
substrate material, with the nominal composition listed in Table 1.Rectangular substrate specimens (8 mm 8 mm 2 mm) were
machined, ground by 800-grit emery papers and ultrasonically
cleaned in a mixed alkaline solution (15 g/l NaOH, 15 g/l Na2CO3,
15 g/l Na3PO4) for 2–3 min. Subsequently, the specimens were
washed in de-ionized water, and then immersed in 5 wt% sulfamic
acid for 1 min and washed in de-ionized water at 65 1C again.
A Ru ﬁlm was electrodeposited on the substrate in constant
temperature baths prior to coating deposition. The ruthenium
electrolyte containing ruthenium chloride and sulfamic acid with
pH of 1–2 was used for Ru plating. During electroplating, a
platinum foil was used as anode. Cathodic electroplating was
performed at 65 1C for 10 min with a current density of 2.5 A
dm2. After electroplating, the specimens were washed in acetone.
A Ni–45Al (in at%) coating of 60 mm thickness was
deposited onto the Ru coated substrate by electron beam physical
vapor deposition (EB-PVD) and the as-deposited specimen was
denoted as NiAl/Ru coating. A UE205 EB-PVD equipment was
used for coating preparation. The working chamber pressure was
less than 3 103 Pa and the substrate temperature was kept at
800 1C during coating deposition. For comparison, a NiAl
coated specimen was also prepared by EB-PVD. The as-deposited
coatings were annealed in vacuum at 1050 1C for 2 h.
Heat-treatment of the coated specimens was conducted in
vacuum at 1100 1C for 25 and 100 h, with a chamber pressure
of 103 Pa, to investigate interdiffusion between the coating
and the superalloy substrate.
The cross-sectional microstructures of the coatings were
characterized by an Apollo 300 scanning electron microscope
(SEM, FEI) equipped with energy dispersive spectroscopy
(EDS) and a transmission electron microscopy (TEM, JEM-
2100F). The phases of the coatings were identiﬁed by X-ray
diffraction (XRD, Rigaku D/max2200PC) using Cu Ka
radiation. The chemical compositions were determined by an
electron probe micro-analyzer (EPMA, JXA8100). Line-scans
for composition measurement across the interdiffusion zone
and the coating were obtained with a 0.1 mm step size.3. Results and discussion
3.1. As-deposited and annealed coating
The SEM micrograph of cross-section of the as-deposited NiAl/
Ru coating is shown in Fig. 1a. A continuous and dense Ru ﬁlm
tightly bonding to the superalloy substrate was observed. Actually,
there was another layer beneath the Ru ﬁlm, the chemical
composition of which determined by EDS was enriched in Ni
and Al. The layer was formed during coating deposition at high-
temperature. An EB-PVD NiAl coating of 60 mm thickness can
be seen above the Ru ﬁlm. The chemical composition of the
coating determined by EPMA was 45 Ni and 55 Al (in at%).
Several voids were observed at the interface between the Ru ﬁlm
and the underlying substrate, which was attributed to chemical
etching of Ni-based superalloy in the acidic electrolyte solution.
Fig. 1 Cross-sectional micrograph (a), EPMA proﬁle across the
thickness of the coating (b) and surface morphology (c) of the
as-deposited NiAl/Ru coating.
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Fig. 2 XRD pattern of the as-deposited NiAl/Ru coating.
Fig. 3 BSE image (a) and TEM image (b) of cross-section of the
NiAl/Ru coating after 2 h annealing at 1050 1C.
Z. Bai et al.148The EPMA proﬁle (Fig. 1b) demonstrated that Ru was enriched
in the area between the coating and the superalloy substrate, and
the thickness of the Ru ﬁlm was 2–3 mm. From the surface view,
the coating showed a typical domain structure with the grain size
of 1.5 mm, as shown in Fig. 1c. In terms of XRD pattern as
shown in Fig. 2, the coating consists of a single b-NiAl phase.Fig. 3 shows the micrograph of cross-section of the NiAl/
Ru coating after heat treatment in vacuum for 2 h at 1050 1C.
Compared to the as-deposited coating, the Ru ﬁlm became
Table 2 Chemical compositions of the points marked in Figs. 3b and 4 (in at%).
Elements Al Ru Ni Co Cr Ta W Nb Mo Re
A 1.50 – 24.00 11.30 12.80 6.00 24.00 – 6.00 14.40
B 32.19 10.40 48.81 5.20 3.40 – – – – –
C 10.90 0.20 72.00 8.00 3.00 2.60 3.20 2.00 0.70 –
Fig. 4 TEM image of the interface between (Ru, Ni)Al coating
and the superalloy substrate after 2 h annealing in vacuum at
1050 1C.
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interdiffusion between the Ru ﬁlm and the NiAl coating was
formed. The (Ru, Ni)Al zone is a miscibility zone between
NiAl and RuAl [23]. However, the NiAl coating/(Ru, Ni)Al
layer interface could not be clearly distinguished in Fig. 3a. A
thin interdiffusion zone (IDZ) with 5 mm thickness was
formed between the (Ru, Ni)Al layer and the underlying
superalloy substrate. The IDZ consists of b phase matrix
and some bright granular precipitates which were dispersed in
the matrix. These granular precipitates were analyzed by TEM
as shown in Fig. 3b. The particle size was 500 nm and its
chemical composition marked in Fig. 3b was determined by
EDS to have high contents of Cr, W and Mo, as listed in
Table 2. According to previous studies [24,25], the granular
precipitate was believed to be s-TCP phase. It is important to
note that these granular TCP phases are not harmful to the
mechanical properties of the superalloy substrate.
The microstructure of the NiAl/Ru coating after 2 h
annealing in vacuum was also investigated by TEM as shown
in Fig. 4. The chemical compositions of points B and C in
Fig. 4 are given in Table 2. It is notable that the content of Ru
in the coating area (10.4 at% for point B in Fig. 4) is higher
than that in the substrate area (1.5 at% for point C in Fig. 4),
indicating that Ru preferentially diffuses towards the coating.
Brian has found that the diffusion coefﬁcient of Ru in b-NiAl
is larger than in g-Ni and g0-Ni3Al [26]. Another remarkable
aspect is that the content of Al (10.90 at%) in the substrate is
quite close to the nominal composition (12 at%) of DD6
superalloy, which reveals that (Ru, Ni)Al coating could
effectively suppress the inward diffusion of Al from the
coating. Elements such as Co and Cr are also detected in thecoating which diffused from the substrate during annealing,
while W and Mo which are the essential elements for TCP
phase formation are not found in the coating. It is suggested
that the (Ru, Ni)Al layer not only signiﬁcantly slows down the
inward diffusion of Al but also the outward diffusion of
refractory elements such as W and Mo, hence suppressing the
formation of TCP phases [27].
3.2. Interdiffusion between the coating and superalloy
The interdiffusion behaviors of NiAl coating and NiAl/
RuNiAl coating were comparatively investigated after desired
annealing time in vacuum at 1100 1C. Fig. 5 shows the cross-
sectional micrographs of the NiAl coated and NiAl/RuNiAl
coated specimens after 25 h annealing. For both coated
specimens, a clear IDZ appeared beneath the coating and
adjacent to the substrate. The IDZ beneath the NiAl/RuNiAl
coating was much thicker (20 mm) compared to the coated
specimen after 2 h annealing, while the thickness of IDZ in the
NiAl coated specimen was 25 mm. Besides, there were a large
number of coarse phases observed in the IDZ and it is not
surprising that some g0 phases (marked by arrows in Fig. 5a)
appeared in the NiAl coating after 25 h annealing. The
presence of g0 phase is associated with the depletion of Al
which was caused by severe inward diffusion from the coating
to the substrate. In contrast to this, no g0 phase and few coarse
phases were observed in the NiAl/RuNiAl coating. This
demonstrates that the RuNiAl coating effectively suppressed
the inward diffusion of Al. The EPMA proﬁles of the coatings
are presented in Fig. 5c and d. It is noteworthy that the Al
content decreased smoothly from the NiAl coating to the
superalloy substrate, while for NiAl/RuNiAl coating it
dropped sharply between the coating and the substrate
(namely in the RuNiAl layer). The RuNiAl coating success-
fully slowed down the inward diffusion of Al towards the
superalloy substrate. Additionally, the appearance of some
distinct low peaks in the proﬁle of Ni reveals that the granular
precipitates contained few Ni.
The comparison of cross-sectional microstructures between
the NiAl and NiAl/RuNiAl coatings after 100 h annealing is
shown in Fig. 6. For the NiAl coated sample, the thickness of
IDZ increased to 32 mm, as shown in Fig. 6a. Compared to
this, the IDZ in the NiAl/RuNiAl coated sample was relatively
thinner, i.e., 25 mm, as shown in Fig. 6b. Additionally, it can
be clearly seen that a large amount of g0 phase, marked by
arrows in Fig. 6a, distributed throughout the whole area of
NiAl coating after 100 h annealing. Moreover, the previous
granular TCP phase became much coarser at the interface
between the coating and IDZ and a secondary reaction zone
(SRZ) with 50 mm width was formed in the substrate beneath
the IDZ, where some needle-like phases were embedded into
the substrate. Some g0 phases also precipitated in the NiAl/
RuNiAl coating, but the volume fraction of precipitation was
Fig. 5 BSE images of cross-sections of the coated samples and corresponding EPMA proﬁles across the thickness of the coating after
25 h annealing in vacuum at 1100 1C: (a) and (c) NiAl coating; (b) and (d) NiAl/RuNiAl coating.
Z. Bai et al.150much less than that in the NiAl coating. Besides this, SRZ did
not appear in the NiAl/RuNiAl coated specimen and there
was only a few needle-like phases present in the IDZ. SRZ
formation below the coating is undesirable, since it leads to the
degradation of the creep-rupture properties [11]. For the NiAl
coated specimen, the parent two-phase g–g0 structure of the
superalloy substrate is replaced by a three-phase structure
consisting of g, g0 and TCP phase after 100 h annealing.
Accordingly, it can be concluded that the RuNiAl coating
effectively suppressed the formation of SRZ and is considered
to be an excellent diffusion barrier in this system.
To characterize the microstructure of the needle-like phase
mentioned above, TEM is utilized to obtain its electron
diffraction pattern, as given in Fig. 7. It has been found that
the needle-like phase with 300 nm in width had a tetragonal
lattice with the lattice constant of a¼0.87 nm [24], which
corresponds to that of s-TCP phase. The chemical composi-
tion of the needle-like precipitate, marked in Fig. 7a, in the
superalloy substrate is given in Table 3. The precipitate
contains relatively high contents of W, Mo, Re and Cr.
In single crystal superalloys containing high levels of
refactory elements such as Re, W and Mo, SRZ is prone to
occur. The formation of SRZ does a great harm to the
mechanical properties of the superalloys. Due to its higher
content in the coating than that in the superalloy substrate, Al
diffuses towards the substrate and solutes in g0 phase during
long-term thermal exposure, which promotes the transforma-
tion from g to g0 and destroys the g–g0 net-like coherentstructure in the superalloy substrate. Since the solubility of
strengthening additions such as Cr, W, Re and Mo in the
initial g/g0 microstructure is much higher than that in b and g0,
these refractory alloying elements precipitate from the g/g0
phases and lead to the formation of TCP phases and SRZ. On
the other hand, the depletion of Al in the coating results in the
transformation from b to g0, which reduces the high-tempera-
ture oxidation resistance of the coating [25,28].
The Al activity in the coating is critical to the propensity of
a coated single crystal specimen to form SRZ [29]. SRZ is
generally observed in the NiAl coated specimen as a result of
the inward diffusion of Al from the coating to the superalloy
substrate. In this work, the formation of SRZ was effectively
suppressed by the RuNiAl coating as the addition of Ru to
NiAl changed the diffusion mechanism of Al, consequently
affecting its diffusion rate. For NiAl, the typical point defects
are VNi and NiAl (Ni substitutes the Al sublattice). Al atoms
extruded from the sublattice are hardly captured by Ni
vacancies due to the extremely high binding energy between
them. Instead, interstitial atoms are generated [30,31]. Accord-
ingly, a combination of vacancy and interstitial diffusion
mechanism takes effect on atomic diffusion in NiAl. RuAl
has the same B2 structure, but the typical point defects are
VRu and AlRu [30]. Al atoms are prone to joint with Ru
vacancies and no interstitial atoms are formed. Therefore,
only vacancy diffusion mechanism plays a role in RuAl. Since
the vacancy diffusion rate is far lower than the interstitial
diffusion rate, the diffusion of Al is greatly weakened in RuAl.
300nm   
(122¯ )
(3¯23¯)
(2¯41¯)
Fig. 7 TEM image of the NiAl coating (a) after 100 h annealing
in vacuum at 1100 1C and electron diffraction pattern from a
needle-like precipitate (b).
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NiAl/RuNiAl Coating 
Substrate 
Fig. 6 BSE images of cross-sections of the coated samples after
100 h annealing in vacuum at 1100 1C: (a) NiAl coating; (b) NiAl/
RuNiAl coating.
Table 3 Chemical composition of the needle-like s-TCP
phase in Fig. 7 (in at%).
Cr Ni Co W Mo Ta Re Al
15.00 23.32 14.52 24.64 9.25 4.10 7.91 1.27
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Ru content [32]. Previous studies have shown that interdiffu-
sion occurred in a Ru–DD6 couple and a thin layer basically
comprising Heusler phase Ru2AlTa with L21 structure was
observed near the interface in DD6 after 12 h heat-treatment
at 1050 1C [32,33]. In the Ru2AlTa phase, Ni and other
refractory elements, such as W, Mo and Re, have extremely
low solubility, indicating that these superalloy substrate
elements cannot diffuse through it into the coating. In
addition, since the inward diffusion of Al was successfully
suppressed by the RuNiAl coating, the parent two-phase g–g0
structure of DD6 near the RuNiAl/DD6 interface remained
stable and g–g0 phase transformation was constrained. As g0
phase was a rapid diffusion channel for superalloy substrate
elements, their outward transfer into the coating was further
inhibited. The RuNiAl coating works as a diffusion barrier
layer and slows down the interdiffusion between the coating
and the superalloy substrate, therefore suppressing the forma-
tion of SRZ.4. Conclusions
The NiAl/Ru coating was produced onto a Ni-based SC super-
alloy DD6 by a combination of electroplating and EB-PVD.(1) After heat-treatment in vacuum at 1100 1C for 2 h, a
RuNiAl layer was formed due to interdiffusion between
the NiAl coating and the Ru ﬁlm.(2) Severe inward diffusion of Al from the NiAl coating to
the superalloy substrate occurred after 100 h annealing in
vacuum. A large number of needle-like TCP phases were
precipitated in the NiAl coated substrate, and a SRZ
with a thickness of 50 mm was formed beneath the IDZ
in the substrate.(3) For the NiAl/Ru coated specimen, severe interdiffusion
between the coating and the substrate is successfully
suppressed by the RuNiAl layer. As a result, SRZ did
not occur in the superalloy even after 100 h annealing.Acknowledgments
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